ABSTRACT: Data from 3 prefectures and a nationwide farming corporation were used to assess the usefulness of the "link provider data" in providing indirect genetic links for the national genetic evaluation for carcass weight across weakly connected subpopulations of the Japanese Black cattle. The data from the farming corporation provided genetic links to those of all prefectures and was therefore used as the link provider data. Two national genetic evaluation strategies under an animal model were compared, based on the generalized coefficient of determination (CD) of contrasts between mean EBV of sires or maternal grandsires (MGS) from different prefectures: strategy PA-1 was a pooled analysis of the data sets of the 3 prefectures, and strategy PA-2 was a pooled analysis of the data sets of the 3 prefectures and the farming corporation. The CD of the contrasts were greater for PA-2 than for PA-1. Under PA-2, the CD of the contrasts between mean EBV of sires or MGS ranged from 0.67 to 0.78 or from 0.61 to 0.70, respectively. Pooling the data from the 3 prefectures and the farming corporation increased the degree of connectedness through the link provider data rather than the amount of information by adding more data, thus improving the accuracy of prediction. The differences between mean EBV of sires or MGS from different prefectures were smaller for PA-1 than for PA-2. This finding suggests that genetic differences in carcass weight among prefectures are present, but that they would be confused with the environmental differences under PA-1 because of the lack of genetic connectedness among the prefectures. On the other hand, the genetic differences among the prefectures would be predicted precisely under PA-2 because the genetic connectedness among the prefectures was improved by using the link provider data. The results demonstrate that the link provider data could be used to unify within-prefecture evaluation to form a Japanese national genetic evaluation across weakly connected subpopulations.
INTRODUCTION
The BLUP procedure (Henderson, 1973) has been a standard method for predicting breeding values of livestock. The BLUP method allows meaningful comparison of the breeding values across levels of fixed effects (i.e., across management units) if there are genetic links among the units.
The Japanese Black is the main beef breed in Japan. Genetic evaluation of sires and dams has been based on a within-prefecture BLUP method (Sasaki et al., 2006) . National genetic evaluation would allow all breeding animals to be ranked on a national basis to achieve more genetic progress. However, the view is prevalent that the genetic links among prefectures are not sufficient for a national genetic evaluation, because exchanges of breeding stock among prefectures are limited. The Japanese Black population was subdivided into prefectural subpopulations in the 1980s (Nomura and Sasaki, 1986) . Nomura et al. (2001) showed that the The use of link provider data to improve national genetic evaluation across weakly connected subpopulations 1 genetic homogeneity among prefectural subpopulations increased between 1985 and 1997 . However, Honda et al. (2002 reported that the subdivision of the Japanese Black remained existent. Odani et al. (2004) reported that it would be feasible to perform a nationwide genetic evaluation by using the data collected by a large-scale farming corporation that owns feedlots across Japan. The farming corporation might strengthen the genetic links between weakly connected prefectures and could therefore be considered as "link provider data" (Jorjani et al., 2005) . Combining the data from various prefectures with the link provider data would make a national genetic evaluation feasible.
The objective of this study was to examine the practicability of including the link provider data in the national genetic evaluation of carcass weight across weakly connected subpopulations in the Japanese Black. The precision of the genetic evaluation was assessed, based on the coefficient of determination (CD) of contrasts between mean EBV of animals from different prefectures (Laloë, 1993) .
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because data were obtained from existing databases.
Overview of the 3 Prefectures and the Farming Corporation
Hyogo, Oita, and Iwate prefectures and Agura Farm Ltd. participated in this study. The 3 prefectures, which are famous for producing high-quality Japanese Black cattle, are geographically separated ( Figure 1 ) and have different breeding structures.
The prefectural subpopulations of the Japanese Black had a 3-level hierarchical structure in the 1980s: 1) the breeders' prefectures, which supplied the breeding stock to the other prefectures; 2) the upper stratum of the multipliers' prefectures, which introduced the breeding stock from the breeders' prefectures to produce bulls and supplied the produced bulls to the other prefectures; and 3) the lower stratum of the multipliers' prefectures, which purchased the breeding stock to produce bulls for their own prefectures. In addition, the multipliers' prefectures were classified into several groups centered on the breeders' prefectures, based on genetic relationships among the prefectural subpopulations (Nomura and Sasaki, 1988b) . Hyogo, which is one of the breeders' prefectures, has made a major contribution to this breed genetically: more than 40% of the founders of the reproductive bulls and dams born between 1980 and 2000 were descended from Hyogo stock (Honda et al., 2004) . The Oita (in upper stratum of the multipliers' prefectures) stock has close genetic relationships with Tottori stock (Nomura and Sasaki, 1988a,b) , whereas Iwate, in the lower stratum of the multipliers' prefectures, introduced breeding stock mainly from Hyogo and Shimane prefectures (Nomura and Sasaki, 1988b; Kawada et al., 2003) .
To reduce the risk of confusion between environmental and genetic differences caused by the lack of genetic links among the prefectures, the data collected by Agura was used as the link provider data. Agura is a nationwide farming corporation that operates many cow-calf farms and feedlots across Japan. The Agura data set consisted of carcass records on fattened animals born in 17 prefectures (Figure 1) . Some of the calves produced on the cow-calf farms of Agura were sired by the sires from many prefectures or the sires from the Livestock Improvement Association of Japan Inc., whereas the others were purchased from calf markets across Japan. All these calves were fattened together in the feedlots. They were well connected genetically because of common sires, thus making across-prefecture genetic evaluation feasible by using the data set of Agura (Odani et al., 2004) .
Data
The structures of the data sets of carcass weight records collected from the 3 prefectures and the farming corporation are summarized in Table 1 . Before data editing, a total of 15,601 carcass weight records of fattened animals slaughtered in various carcass markets in 2001 were available. For the BLUP evaluation, fattening farm, carcass market, and sex were combined to form farm-market-sex (FMS) subclasses. Whereas the animals from the 3 prefectures were fattened at fattening farms within prefectures, those from Agura were fattened at the feedlots operated by the corporation across Japan. In this study, the Agura feedlots were treated as alternatives to the fattening farms of the prefectures. The FMS subclasses with less than 5 Figure 1 . Spatial location of the 3 participating prefectures (Hyogo, Oita, and Iwate; shown in dark gray) and the prefectures where the calves of Agura were produced (shown in gray). The calves born in the 3 participating prefectures were also included in the data set of Agura.
records were excluded. After data editing, a total of 14,246 carcass weight records were used for this study. Each fattened animal was traced back 3 ancestral generations, resulting in a pedigree file of 53,244 animals. All the FMS subclasses within each data set were connected through common sires in the sense of geometric connectedness (Searle, 1982; Fernando et al., 1983) , indicating that differences between sires and between FMS subclasses were estimable when the sires and the FMS were treated as fixed effects.
Measures for Genetic Links
The following 3 measures (Jorjani, 1999; Weigel et al., 2000) were used to identify the causes of the genetic links among the data sets and to determine the usefulness of the Agura data as the link provider data.
1. The number of common sires and the genetic similarity between each pair of data sets were investigated. The genetic similarity between a pair of data sets was defined as the proportion of the fattened animals of the common sires in the 2 data sets to the total number of fattened animals in the pair of data sets (Rekaya et al., 2003) . 2. The genetic constitution of each data set was calculated as follows (Weigel et al., 2000) . First, the birth prefectures of all 4 grandparents of each fattened animal were identified and then the average percentage of the grandparents tracing back to each prefecture was calculated within each data set. Common birth prefectures of the grandparents of the fattened animals among the 4 data sets would reveal the possible existence of genetic links among the 4 data sets through common ancestors. 3. The average genetic relationship among sires or among dams within each data set and between each pair of data sets was estimated by calculating the corresponding off-diagonal elements of the numerator relationship matrix (Quaas, 1976) .
Models and Notation
A connectedness study was performed for the national genetic evaluation under an animal model. Two alternative models might be considered, with or without genetic groups. Although the model including fixed genetic groups can eliminate biases caused by differences in genetic means between these groups (Quaas, 1988) , the genetic links among management units are required to estimate the genetic group and management unit effects with acceptable accuracy (Tong et al., 1980; Kennedy, 1981) . In the model without genetic groups, biases in EBV attributable to differences in genetic means among the groups decrease as connections among management units increase, even if the genetic differences are originally present (Hanocq et al., 1996; Kuehn et al., 2007) . How well the model predicts differences in the genetic means can be quantified, based on criteria such as the CD (Laloë, 1993) . Therefore, the model without fixed genetic groups was used in this study. In matrix notation, the full model is
where y is the vector of observations on carcass weight; β is the vector of fixed effects of the FMS and linear and quadratic covariates of age at slaughter; u is the vector of the breeding values of the animals; X and Z are the corresponding incidence matrices; and e is the vector of residuals.
The distribution of the random factors is Farm-market-sex subclasses were formed by combining fattening farm, carcass market, and sex classes.
The solutions to the mixed model equations of [1] are:
where λ is the ratio s s e u 2 2 .
The prediction error variance (PEV) matrix is written as:
where M is the absorption matrix for fixed effects, with
A reduced model was formed by removing the FMS effects from the full model [1] . Under the reduced model, the design is balanced or fully connected; therefore, the amount of information provided by the data to predict the breeding values can be expressed without any loss of information regarding the estimation of the fixed effects.
Criteria for Genetic Comparability
Different criteria have been proposed to measure connectedness (e.g., Wood et al., 1991; Foulley et al., 1992; Kennedy and Trus, 1993; Laloë, 1993; Lewis et al., 1999; Mathur et al., 2002) . Of these criteria, the generalized CD (precision; Laloë, 1993) has desirable properties: the CD can detect the disconnectedness of the design and account for the balance between the amount of information provided by the data and the connectedness level, and can account for the balance between the PEV and the genetic variability (Laloë et al., 1996) . When comparing animals from different management units with different genetic means, the CD provides a good indicator of the potential biases (Laloë and Phocas, 2003; Kuehn et al., 2007) . Therefore, CD was used as a criterion to assess the accuracy of the comparison of the EBV between animals in this study. In addition, we investigated the behavior of the amount of information provided by the data and the connectedness level to identify the underlying cause of the resulting precision.
Let x be the breeding value contrast vector whose elements sum to 0. The vector of contrast x between sires or maternal grandsires (MGS) from different 2 prefectures i and j was formed as follows: 1 n i and -1 n j were assigned for sires or MGS belonging to prefectures i and j, respectively, where n i and n j were the numbers of sires or MGS belonging to prefectures i and j, respectively. The sire or MGS common to prefectures i and j were not included in n i and n j . Zero was assigned for the other animals, including the sires or MGS common to prefectures i and j. The 3 criteria for a given contrast x′u are outlined below:
1. The precision (CD) is the square of the correlation between the predicted difference and the true difference in the breeding values (Laloë, 1993) :
where x′Ax is the genetic variability of the contrast. 2. The amount of information provided by the data to predict the contrast in the EBV (CD r ) is expressed as the CD under the reduced model (Laloë et al., 1996) :
where C r ZZ is a submatrix of the inverse of the coefficient matrix corresponding to the animals under the reduced model. 3. The connectedness level (ϕ) is evaluated by the loss of information regarding estimation of the fixed effects (Laloë et al., 1996) :
The values of these 3 statistics range from 0 to 1, with a greater value indicating a greater precision, a larger amount of information, and a greater connectedness level for the contrast.
The PEV (Kennedy and Trus, 1993 ) and the connectedness index (IC; Foulley et al., 1992) are closely related to the CD and the ϕ, respectively. Laloë et al. (1996) compared properties of these criteria, theoretically and with some numerical examples. It would be interesting to compare the results of these alternative criteria in the field data. The PEV and the IC for a contrast x′u are as follows:
IC x xC x x C x r ZZ ZZ
The value of PEV is not restricted in range. Comparison between animals that are poorly connected would have greater prediction error. The value of IC ranges from 0 to 1, with a greater value indicating a greater connectedness level.
Link provider data improve precision
Usefulness of Link Provider Data for National Genetic Evaluation
To assess the usefulness of including the link provider data, 2 national genetic evaluation strategies were compared based on the CD: strategy PA-1 was a pooled analysis of the data sets of the 3 prefectures, and strategy PA-2 was a pooled analysis of the data sets of the 3 prefectures and Agura (i.e., the link provider data). The CD r , ϕ, and CD of contrasts between mean EBV of sires or MGS from different prefectures were calculated under each strategy. Both strategies performed 3 contrasts in mean EBV between animals from different prefectures: Hyogo vs. Oita, Hyogo vs. Iwate, and Oita vs. Iwate.
The differences between the prefectures in mean EBV for carcass weight of sires or MGS were estimated under each strategy. Relationships were analyzed between changes in the CD of the contrast and in the differences in mean EBV by including the link provider data.
Computation
For the BLUP evaluation, variance components and breeding values were estimated by using the set of multiple-trait, derivative-free REML (MTDFREML) programs (Boldman et al., 1993) .
The inverse of the coefficient matrix was calculated . The convergence criterion was as follows:
RESULTS AND DISCUSSION

Genetic Links
Oita and Iwate shared 10 sires, with a genetic similarity of 2.5% (Table 2) . No genetic links were attributable to common sires between Hyogo and Oita or between Hyogo and Iwate. Agura shared sires with the 3 prefectures, with genetic similarities of 10.1 to 51.1%.
The genetic constitutions of the Hyogo, Oita, Iwate, and Agura data sets are shown in Table 3 . The proportion of grandparents of the fattened animals produced within the same prefecture varied: 100% in the Hyogo data set, 78.6% in the Oita data set, and 11.7% in the Iwate data set. Both the Oita and Iwate data sets included grandparents that originated from Hyogo prefecture (13.5 and 53.5%, respectively). Grandparents originating from Shimane, Tottori, Miyazaki, Kagoshima, and Gifu prefectures were commonly observed in the Oita and Iwate data sets. The Agura data set contained grandparents originating from all the prefectures.
The average genetic relationship between data sets ranged from 5.16 to 7.69% for sires and from 2.29 to 3.00% for dams (Table 4) . Most of the average genetic relationships among the 3 prefectures were significantly less than those within the prefectures (P < 0.0001), whereas the average genetic relationships between Agura and each of the 3 prefectures were comparable to those within Agura.
The results indicate that Hyogo shared no sire with the other 2 prefectures; therefore, 2 disconnected subsets were identified in strategy PA-1 by means of the 2-way FMS-by-sire classification (Searle, 1982; Fernando et al., 1983) . When the design is completely disconnected, the animal solutions within a disconnected subset have no relation to those of the other subset (Schaeffer, 1975) . However, the genetic links between Hyogo and Oita and between Hyogo and Iwate existed through common grandparents or great-grandparents that originated from Hyogo prefecture. The genetic contributions of grandparents originating from Hyogo to the other prefectures were high. This was in agreement with Nomura and Sasaki (1986) and Honda et al. (2004) . The average genetic relationships were significantly greater within prefectures than between prefectures, making the genetic comparison between animals of different prefectures less precise (Kennedy and Trus, 1993; Hanocq and Boichard, 1999) . Agura shared sires with all prefectures, ensuring the geometric connectedness between sires and FMS subclasses in strategy PA-2. This is meaningful because the genetic links attributable to common sires are the most important factor affecting the overall connectedness (Hanocq and Boichard, 1999; Roso et al., 2004) . The Agura data set tied together the data sets of the 3 prefectures because of common ancestors, indicating that the Agura data set could serve effectively as the link provider data. 
Estimators of Heritability and Variance Ratio for Carcass Weight
The estimated heritability and variance ratio for carcass weight were 0.47 and 1.11, respectively, under PA-1 and 0.44 and 1.26, respectively, under PA-2. These values were used to calculate the CD r , ϕ, and CD of the contrasts between mean EBV of sires or MGS from different prefectures under each strategy.
Usefulness of Link Provider Data for the National Genetic Evaluation
The CD r , ϕ, and CD of the contrasts between mean EBV of sires or MGS from different prefectures under each strategy (PA-1 and PA-2) are shown in Tables 5  and 6 , respectively. Strategy PA-2 was compared with strategy PA-1 to assess the effect of the link provider data on the national genetic evaluation across weakly connected subpopulations. The CD of the contrasts between mean EBV of sires from different prefectures was greater for PA-2 than for PA-1 by 0.12 (Hyogo vs. Oita), 0.14 (Hyogo vs. Iwate), and 0.18 (Oita vs.
Iwate). The changes in the amount of information provided by the data (CD r ) and the connectedness level (ϕ) by including the link provider data were investigated to identify the causes for the improvement in CD. Whereas the CD r of the 3 pairs of prefectures improved by 0.01, 0.05, and 0.07, respectively, the ϕ increased by 0.13, 0.14, and 0.16, respectively. Therefore, the CD was improved because of the increased level of connectedness rather than because of the increased information provided by the data. Similarly, the CD of the contrasts between mean EBV of MGS from different prefectures was greater for PA-2 than for PA-1 by 0.17 (Hyogo vs. Oita), 0.13 (Hyogo vs. Iwate), and 0.19 (Oita vs. Iwate). The improvement of CD arose from the increased level of connectedness (0.13 to 0.18) rather than from the increased information provided by the data (0.04 to 0.10).
Including the Agura data set in the analysis improved the ϕ rather than the CD r , suggesting that the Agura data set provided proper link provider data. If the Agura feedlots across Japan were not well connected, adding the Agura data set to the combined analysis would improve the CD r , but would do little to improve the ϕ or the genetic links among the 3 prefectures. Therefore, monitoring both the CD r and ϕ is preferable to assess the usefulness of the added data.
The differences in mean EBV for carcass weight of sires or MGS between the prefectures under PA-1 and PA-2 are included in Tables 5 and 6 , respectively. The differences in mean EBV for carcass weight of sires or MGS were smaller for PA-1 than for PA-2. The CD of the contrasts between mean EBV of sires or MGS from different prefectures should be proportional to the reduction in bias attributable to different genetic means of the prefectures (Laloë and Phocas, 2003; Kuehn et al., 2007) . Our results showed that the CD of the contrasts increased and the mean differences in EBV between prefectures became larger when using the link provider data. This finding suggests that genetic differences in carcass weight among prefectures are present, Table 5 . Indices of the amount of information provided by data (CD r ), the connectedness level (ϕ), the precision (CD), the connectedness index (IC), the prediction error variance (PEV), and the genetic variability (x′Ax) of the contrasts between mean EBV of sires from different prefectures and the difference between mean EBV of sires from different prefectures ¢ ( ) Strategy PA-1 is the pooled analysis of the data sets of the 3 prefectures (Hyogo, Oita, and Iwate), and strategy PA-2 is the pooled analysis of the data sets of the 3 prefectures and Agura.
but that the genetic differences would be confused with the environmental differences under PA-1 because of the lack of genetic connectedness among prefectures. On the other hand, the genetic differences among prefectures would be predicted precisely under PA-2, because the genetic connectedness among prefectures was improved by using the link provider data. Under PA-2, the absolute differences between mean EBV for carcass weight of sires were 37.8 (Hyogo vs. Oita), 18.3 (Hyogo vs. Iwate), and 24.9 (Oita vs. Iwate). These differences seem to be large, given that the estimated additive genetic SD for carcass weight was 27.4. These results imply that the model with genetic group effects should be considered when implementing the national genetic evaluation of carcass weight in Japanese Black cattle. Hanocq and Boichard (1999) reported the genetic connectedness among 6 AI studs in the national genetic evaluation of French Holstein cattle, based on the CD criterion. National genetic evaluation under a sire model was considered. The CD of the contrasts in the EBV between young bulls of the 6 AI studs ranged from 0.81 to 0.88. The ϕ of the French Holstein cattle (0.95 to 0.98) were considerably larger. Although use of a sire model does not account for genetic links attributable to maternal lineages, the genetic connectedness level among the AI studs of the French Holstein cattle seems to be high because of extensive use of semen of proven bulls and because of planned semen exchanges of young bulls.
Comparison Between Results of Alternative Criteria
The IC and PEV of the contrasts between mean EBV of sires or MGS from different prefectures under each strategy (PA-1 and PA-2) are included in Tables 5 and  6 , respectively. The IC and PEV of the contrasts between each pair of prefectures favored PA-2 over PA-1. These results correspond with those of the CD and the ϕ. On the other hand, the IC and the ϕ gave different pictures of where genetic connectedness was sufficient. Laloë et al. (1996) demonstrated theoretically that the IC was not an appropriate criterion for connectedness, because a large value of this criterion could be due either to good connectedness or to lack of information. The ϕ was shown to minimize this drawback. These properties of the IC and the ϕ were found in the field data of this study. Among the 3 contrasts in mean EBV between sires of different prefectures under PA-1, the ϕ of the contrast between Hyogo and Oita was the greatest. On the other hand, the IC of the contrast was least because the CD r of the contrast was largest. Similarly, the PEV and the CD gave contradictory pictures of where genetic comparison was accurate. These 2 criteria account for genetic relationships between animals in different ways. The CD accounts for the balance between the PEV and the genetic variability, and is therefore more closely related to genetic progress (Laloë et al., 1996) . Among the 3 contrasts in mean EBV between MGS from different prefectures under PA-2, the PEV of the contrast between Oita and Iwate under PA-2 was least, but the genetic variability of the contrast was smallest. Thus, the CD of the contrast was smallest. These results suggest that it is important to use criteria that take into account the genetic variability (the CD and the ϕ) when assessing the quality of the design of a genetic evaluation across prefectures.
Over the past years, breeders of Japanese Black cattle have discussed the possibility of combining the data sets from various prefectures for a national genetic evaluation, but have questioned its validity because of the lack of genetic links across prefectures. Increasing the genetic links through a planned design such as a sire referencing scheme requires enormous effort, because the agreement of the breeder to mate a certain proportion of the females to a set of selected males should be obtained (Kuehn et al., 2007 (Kuehn et al., , 2008 . In addition, connecting the data may produce biased predictions if animals introduced to establish connectedness are treated preferentially (Hanocq and Boichard, 1999) . Our study Table 6 . Indices of the amount of information provided by data (CD r ), the connectedness level (ϕ), the precision (CD), the connectedness index (IC), the prediction error variance (PEV), and the genetic variability (x′Ax) of the contrasts between mean EBV of maternal grandsires (MGS) from different prefectures and the difference between mean EBV of MGS from different prefectures ( ¢ x û ) with respect to 2 different genetic evaluation strategies demonstrated that including proper link provider data ensures the precision of the contrasts in the EBV between animals across weakly connected subpopulations. Therefore, pooling the data sets from the prefectures and the large farming corporations with the nationwide network [e.g., Agura (PA-2)] is recommended for a national genetic evaluation of Japanese Black cattle.
In conclusion, the connectedness study for pooled analysis combining data sets of the 3 prefectures classified into different hierarchical levels of the Japanese Black population with the data set of the company with the nationwide network will provide information regarding new aspects of the feasibility of the national genetic evaluation of Japanese Black cattle. The extensive use of breeding stock from Hyogo in all other prefectures has formed genetic links among the subpopulations of various prefectures, but connectedness among the prefectures was weak. Use of link provider data increased the connectedness level and the precision of the EBV. Differences in the mean EBV for carcass weight among prefectures were sizable. Therefore, fitting the genetic group effects in the national genetic evaluation model for carcass weight is recommended. The strategy presented for across-prefecture evaluation (PA-2) would be effective in a national genetic evaluation of other traits of Japanese Black cattle, because the CD were greater for PA-2 than for PA-1, even when the CD were calculated under the assumption that the heritability was 0.05 or 0.20 (data not shown). The data set from Agura Farm Ltd., which provided excellent genetic links among the 3 prefectures studied, is also genetically related to the data sets of the other prefectures not included in this study. Close cooperation among the prefectures and companies with the nationwide network would greatly strengthen the genetic links, which is essential for implementing a national genetic evaluation of Japanese Black cattle.
